Since tonography was first introduced by Grant (1950), patients with chronic simple glaucoma have repeatedly been shown to have a marked reduction in outflow facility (Kronfeld, I96I). Impaired outflow has also been correlated with changes in the structure and patency of the trabecular meshwork (Teng, Paton, and Katzin, I 955; Yamashita, Becker, and Cibis, I960). This confirmed the view that impaired outflow facility, together with cupping of the disc and loss of the field, were constant characteristics of the glaucomatous eye (Becker and Shaffer, I96I). The present study was therefore uindertaken in proven cases of chronic simple glaucoma, as incdicated by cupping of the disc and loss of the field, firstly to discover if impaired outflow facility were a better measure of the degree of glaucoma than raised intraocular pressure and, secondly, to see if it were possible to predict the loss of field from the impaired outflow facility.
Material and methods
In the course of i8 months, 400 patients with proven open-angle chronic simple glaucoma presented for treatment and from these patients 33 (fifty eyes) were chosen for this survey. Two factors account for this low rate of selection: (I) Only patients who had received no previous treatment were included; (2) Of these patients only a few fulfilled the stringent criteria for field testing (Fisher, I968) .
To obtain a full range of cases a few apparently normal eyes of patients with undoubted chronic simple glaucoma in the other eye were included. All eyes were subjected to a general ophthalmological examination, which included gonioscopy.
FIELD ESTIMATION
The method of selection and examination of the visual fields has been described previously (Fisher, I968) . In this study all quadrants of the field were examined separately in a Goldmann perimeter, with a target of 4 mm.2 and of brightness 45 apostilbs. This target was used since the diagnosis was not in question and only definite and permanent field defects were ascertained. Furthermore, a target of this size and luminosity gives an average field, extending about 450 in the nasal quadrant, and nose and brow obstruction is usually absent (Fisher, I967) . The centripetal and centrifugal fields were repeated on two separate occasions, and if discrepancies greater than 50 per quadrant were found the patient was excluded from the study.
For the purpose of computer analysis, the loss of field of each patient was corrected for the normal senile decrease in the size of the field. This correction was made as follows: after the size of the field in each quadrant had been measured, the average size of the field per quadrant in inormal subjects of the same age was obtained from published tables (Fisher, 1968) . The difference between these two values was taken as the corrected loss of field.
TONOMETRY AND TONOGRAPHY Intraocular pressures were recorded by applanation tonometry, using the Haag-Streit goo slit lamp, and tonography was performed with the Schwarzer electronic tonometer with recorder. Each patient was examined on three occasions by tonometry and tonography. The time of examination was arranged at three successive visits for about 9-IO a.m., then 1.30-2 p.m., and finally 4.30-5 p.m.
Tonography results were obtained by the rigidity-corrected graphic method of Moses and Becker (1958) .
ESTIMATION OF CUPPING OF THE DISC
The estimation of the cupping of the disc, which was performed by one of us (R.F.F.) before any other investigations, was graded into six groups: normal, doubtful, and four grades of glaucomatous cupping of increasing severity, as suggested by Becker and Shaffer (196I) .
SIZE OF THE PUPIL
This was an average value of eight estimations during the two field tests taken 5 minutes after the eye had been light-adapted to a standard background illumination of 45 apostilbs.
ANALYSIS OF RESULTS
The data were transferred to punched cards for computer analysis by one of us (R.G.C.). A preliminary analysis was carried out with a BMD computer programme (Dixon, I966) . The correlation of each pair of variables was computed and most of the relationships plotted. Finally a multiple regression analysis, using the method of Rushton (195i) , was undertaken to ascertain the best predictors of field-loss in each of the four quadrants.
Results
One of the most important observations in this study is the close relationship between the state of the disc and the size of the field. The correlation between these variables is so great that it is possible to relate them in three of the four field quadrants by linear or quadratic equations. This means that the recording of individual results in the form of a Table becomes (Fisher, I968) The lower temporal field loss cannot be completely described by a quadratic curve since it occurs too late in the disease. It is therefore shown as a series of points corresponding to the average loss for each state of the disc.
All the other observations show much less significant relationships with each other and can therefore be expressed only by a single correlation coefficient. As mentioned previously, the correlation between the state of the disc and the size of the field is greater than that between any other pair of variables, apart from the correlations between field quadrants. It is disappointing to find that the complex objective assessment of outflow facility is less closely correlated with the reduced size of the field than the simple subjective and inexact assessment of the cupping of the disc. Furthermore, inspection of the plots of the relationships between size of field and average pressure, and of size of field and average outflow facility, does not suggest that these lower correlations are due to the relationships' being non-linear. These lower correlations indicate, therefore, that the size of the field is better assessed by inspection of the disc than by measurement of either pressure or outflow facility.
Discussion
A well-established case of chronic simple glaucoma has the characteristic clinical features of excavation of the optic nerve head, raised intraocular pressure, and typical field defects. group.bmj.com on October 21, 2017 -Published by http://bjo.bmj.com/ Downloaded from A common defect is peripheral loss in the upper nasal field. Nearly a century ago, Schmidt (I877) suggested that selective impairment of circulation in the lower temporal portion of the retina was the cause. Recently it has been found that after the age of 6o, even in normal subjects, loss occurs in the upper nasal field quadrant (Fisher, I968) . Even when, as in the present study, this senile loss is taken into account, there is still, with early cupping of the disc, a selective loss of field in this quadrant.
CHANGES IN THE UPPER NASAL FIELD WITH AGE AND CUPPING OF THE DISC
The influence of age upon the extent of loss of field, resulting from a given degree of cupping of the disc, was found in the present data to be related by the equation:
-I8-9 D +0o42 A where A = age of patient in years, D = numerical coefficient of disc cupping, F = size of field in degrees. The last term of this equation, representing the age of the patient, is additive. This implies that the loss of the field for a given degree of glaucomatous cupping is less pronounced the greater the age of the patient. Although appearing to conflict with the previous finding, that the loss of field occurs as an ageing process even in normal subjects, it merely shows that glaucomatous cupping of the disc in this age group causes a smaller amount of loss of field. This is shown graphically in Fig. 2 The value of tonography compared with pressure estimations in assessing the glaucomatous state must now be considered. This consideration involves the definition of the "degree of glaucoma" as a decrease in the size of the field, and, secondly, using the average values of three outflow facility measurements and three intraocular pressure readings, recorded together on separate occasions throughout the day for correlating in turn with the size of the field. When this was done, the complex technique of tonography was of less value in assessing glaucoma than the simple measurement of the intraocular pressure. Furthermore, the partial correlations between size of field and average outflow facility, when pressure is held constant, are insignificant for each field ( Hg/min., the mean range o os p1., and the average variation for a single reading 26 per cent. Becker and Shaffer (i 96I) gave the standard deviation for a normal population as + o±o5 0. In this series, where outflow facility values are reduced, the standard deviation was plus or minus 0o036 gl. The variations found in this study do not therefore differ from those found by others, and, in addition, all the tonographies were performed by one person (C.W.) using the same instrument.
(b) Outflow facility measurement Tonography was introduced to give a stable and reproducible numerical coefficient for the rate of flow of aqueous per mm. Hg pressure, through the outflow channels of the eye.
Some of the basic assumptions have been critically reviewed on many occasions, for example by Kronfeld (I96I). One assumption, namely the uniformity of blood flow through the choroidal vasculature, has been shown to be reasonably constant by radioactive plasma or labelled red blood cell studies. It is little appreciated, however, that slight variations in choroidal thickness, quite outside the accuracy of present methods of estimating the blood flow, can cause profound variations in the intraocular volume. For example, if the choroid increased by only 2 j the thickness of a single red blood cellduring a tonographic estimation of 4 minutes' duration, the measurement of outflow facility would be underestimated by about 75 per cent. in an eye with moderately advanced glaucoma.
A further assumption, that outflow facility is independent of intraocular pressure, has been used to calculate changes in the properties of the trabecular meshwork (McEwen, I958). These calculations presupposed the constant calibre of the outflow channels but Clausen and Harris (I965) have shown that the outflow facility in the cat can be altered by a raised intraocular pressure. It was found in this study that tonography performed at different times during the day was more variable than pressure, the individual variation being 27 per cent. for tonography and i 6 per cent. for pressure. Variations in tonographic values in normal and glaucomatous eyes throughout the day have also been reported previously (Newell and Krill, I965; Berry, Drance, and Wiggins, I967).
Indeed, when average values for outflow facility, together with average measurements of intraocular pressure, were compared with the size of the field, the degree of glaucoma was less closely correlated with outflow facility (Table I) . One is forced, therefore, to conclude that, if tonographic assumptions are correct even in the glaucomatous eye, outflow channels still have large diurnal changes in resistance. These changes in resistance, like variations in pressure, adversely affect the correlation between outflow facility and decreasing size of field.
(c) Constancy of outflow facility and pressure If it could be shown that tonographic and pressure variations correlated to a similar degree with autonomic ocular tonus, then changes in outflow facility, like those in pressure, could be attributed not to defects in technique or methods of calculation but to true alterations in outflow resistance. Much work has been done on the relationship between nervous activity and intraocular pressure and, to a lesser extent, on outflow facility; but the precise importance of the ocular autonomic nerve supply is still a matter of speculation (Schmerl and Steinberg, 1949; Gloster and Greaves, 1957) . Fortunately, an indication of the balance between the parasympathetic and sympathetic activity of the eye may be deduced from the size of the pupil. Do changes in outflow vary significantly with the size of the pupil? If they do not, then it is a stable characteristic of the glaucomatous eye, like cupping of the disc and loss of field. It should be noted, from Table I , that the size of field in this glaucomatous population and the state of the disc have non-significant correlations with pupillary size. If outflow facility variation does indeed correlate with pupillary size, it is, like raised pressure, only another labile characteristic of the glaucomatous state.
In the present study the size of the pupil was shown to have a significant negative correlation with both pressure (P less than o-oi: Table I ) and with outflow facility (P less than 0o05: Figs 5 and 6 ). All other variables, apart from age, showed no significant correlation with pupillary size. It is well established that the pupil decreases in size with age (Birren, Casperson, and Botwinick, I950) and a survey of normal cases under the same conditions of illumination showed an even more significant correlation with age (r = 0-70I ) over an extended age range (I5 to 8i years) (Fisher, I968) . However, even if the significant effect of age in pupillary size is allowed for, by a calculation of the partial coefficients of pressure variation and outflow facility variation with pupillary size, the latter values still remain significant (pressure variation r = -0-369; outflow facility variation r -03I8). Mean pupil diameter (mm.) Tornqvist (I967) had shown that in the primate eye the parasympathetic probably plays the predominant role in miosis and accommodation, so that the smaller the pupil the greater the parasympathetic tonus. If this is so, increased parasympathetic tonus would automatically lead to the possibility of greater change if it were inhibited. This, in turn, would be reflected in pupillary miosis, correlating with large pressure and outflow variations. For example, from Figs 5 and 6, with a pupillary size of 2 mm., outflow facility variation is o-o8 p1l. and pressure variation is 5-0 mm. Hg, while with a pupillary size of Duke-Elder (1957) expressed the view that the secret of this disease could not be entirely expressed in terms of mathematical formulae, and it would seem that the careful measurement of outflow facility in this study supports this view. Until we can evolve better methods of studying the degree of cupping of the optic nerve head, and forecasting its resistance to raised intraocular pressure, further refinements of tonographic techniques are unlikely to yield more useful information in the management of simple glaucoma.
Summary
A statistical correlation between the various characteristics of fifty glaucomatous eyes has shown that simple subjective assessment of cupping of the disc correlated more closely with the decrease in the size of the visual field than with either intraocular pressure or outflow facility. Furthermore, when the averages of pressure and outflow facility were separately correlated with mean quadratic size of field, average pressure readings correlated more closely than average outflow facility values. Since variations in pressure in individual subjects and in outflow facility also correlated significantly with the size of the pupil, it was concluded that reduced outflow facility was no more a stable property of the glaucomatous eye than raised intraocular pressure. Scatter diagrams showing the relationships between the size of the field and the first six variables did not suggest that they were non-linear, but the relationships between the size of the field and state of the disc were obviously not linear for some fields. The mean loss of field corresponding to each of the five abnormal states of the disc can be completely represented by the regression of size of the field on D, D2, and three other constants. The relationship between the size of the field with each of these terms was considered. Table II shows the partial correlations between the size of the field and each of the other variables after removing the contributory state of the disc, i.e., these correlations are the average correlations between the size of the field and age, pupillary size, pressure, etc., within a given state of the disc. Thus it is concluded that the partial correlation between age and loss of the upper nasal field is statistically significant. Table III shows the analysis of variance when the size of the upper nasal field was regressed on the state of the disc after the first six variables. This shows that the state of the disc provides information about the size of the field that is not contained in any of the other observations. It also shows that, for the upper nasal field, the relationship between the state of the disc and the size of the field is fully described by a straight line. Table IV presents the analysis of variance when the size of the upper nasal field is regressed first on the state of the disc, treated as a linear variable, and then on each of the other variables in succession. Of these, besides the state of the disc, age is the only other significant variable in the regression. Similar multiple regression analyses were carried out for each of the other fields. For the lower nasal field both D and D2 were significant, but neither the range of outflow facility nor any of the other variables is significant after regressing on D and D2. The size of the upper temporal field is highly correlated with the state of the disc, and the relationship can be fully described by the quadratic term D2. In addition, average outflow facility is also just significant for upper temporal field, the partial correlation being -0o295; 0-05 > P > O-OI.
The relationship between the lower temporal size of the field and the state of the disc can be fully described only by fitting a constant for each state of the disc. After fitting these constants, no other variable by itself is significant, but a constellation of four variables was found which together were significant at the 5 per cent. level. These four variables were sex, average pressure, range of pressure, and range of outflow facility. There was no obvious explanation why a linear combination of these four variables should predict the size of the lower temporal field.
Thus, for all four fields, after taking account of the highly significant effect of the state of the disc, only marginally significant relationships were found, apart from a highly significant effect of age on size of the upper nasal field. These marginally significant relationships are probably due to the large number of relationships that have been examined, and we regard them as fortuitous. The regression equations found in these analyses are given in Table V . Table VI shows the partial correlations between the size of the field, for all four fields, and outflow facility when pressure is held constant. All these partial correlations are small and none is statistically significant; P > o-I in each case. This shows that the estimate of average outflow facility provides no information as to loss of field that is not given by an estimate of average pressure. 
